Experimental and clinical data suggest that oxygen and/or glucose deprivation alters electrical transmission in the brain and generates free radicals, which may mediate neuronal death. We have analyzed the effects of oxygen and/or glucose deprivation on both excitatory transmission, by measuring field potential amplitude, and free radical production, by using elec tron spin resonance (ESR) spectroscopy, in a corticostriatal slice preparation. Combined oxygen and/or glucose deprivation (ischemia) lasting 10 to 20 minutes induced a long-term de pression of field potential amplitude. The ascorbyl radical could only be detected in brain slices during the reperfusion phase after 30 minutes of ischemia. It appeared in the early minutes after the washout of ischemic medium and remained Neuronal activity requires a continuous supply of oxy gen and glucose. The impairment of oxidative metabo lism causes a cascade of ionic and metabolic events lead ing to neuronal death (
stable throughout the reperfusion phase. This radical was never detected in the external medium. Ischemia induced only a slight, but progressive, release of lactate dehydrogenase (LDH) into the external medium during the reperfusion phase. In con trast, exposure of slices to hypoxia or hypoglycemia alone re sulted in transient depression of field potential amplitude, and no generation of ascorbyl radicals was observed on reperfusion.
We propose that the long-lasting loss of electrical signals is the early sign of neuronal damage during ischemia. On the other hand, ascorbyl radical formation may be considered an indica tor of neuronal injury after prolonged energy deprivation. Key Words: Corticostriatal slices-Free radicals-Field poten tials-Hypoglycemia-Hypoxia-Ischemia. ia, and ischemia (Martin et aI., 1994) , the relative con tribution of each mechanism might depend on the ex perimental approach used. Inadequate synthesis of ATP has several consequences, such as cellular acidosis, through the stimulation of anaerobic glycolysis; disrup tion of ion distribution, caused by the loss of energy dependent ion transport mechanisms; and loss of cyto skeletal integrity as a consequence of decreased synthe sis of macromolecular assemblies required for maintaining cell structure (Hara et aI., 1993; Martin et aI., 1994) . Cellular energy failure has also been hypoth esized to result in calcium overload (Siesjo, 1988; Choi, 1990) , which is usually related to increased sensitivity to endogenous glutamate as well as to an increased release of excitatory amino acids (Rothman, 1983; Simon et aI., 1984; Benveniste et aI., 1984; Wieloch, 1985; Globus et aI., 1988; Choi, 1990; Choi and Rothman, 1990) .
Free radical production has been proposed to be in volved in the pathogenesis of the ischemia-reperfusion neuronal damage (Demopoulos et aI., 1982; Traystman et aI., 1991; Schulz et aI., 1995; Globus et aI., 1995; Chan, 1996) . The formation of free radicals has been detected by spin trapping techniques using electron spin resonance (ESR) spectroscopy during in vivo global isch emia (Zini et aI., 1992; Sen and Phillis, 1993) . Moreover, it has been demonstrated that pretreatment with free radi cal spin traps (Oliver et aI., 1990; Schulz et aI., 1995) or overexpression of the antioxidative enzyme superoxide dis mutase in transgenic mice (Kinouchi et aI., 1991; Chan, 1996) reduces ischemia-induced brain damage. In vitro experiments suggest that excitotoxicity and oxida tive stress could be interrelated mechanisms in cerebral ischemia-reperfusion damage. It has been proposed that the release of excitatory amino acids may be triggered by the formation of oxygen free radicals, because both free radical scavengers and antioxidative enzymes were ca pable of reducing the excitatory amino acid output (Pel legrini-Giampietro et aI., 1990) .
The possible relationship between alterations of excit atory synaptic transmission observed during oxygen or glucose deprivation, or both, and the formation of free radicals has never been investigated. In the present study, we have used a new in vitro approach to study this re lationship in the striatum, a brain region that shows a peculiar neuronal vulnerability to hypoxia (Calabresi et aI., 1995a,b) , hypoglycemia (Auer et aI., 1984; Auer and Siesjo, 1988; Nakao et aI., 1995; Kristian et aI., 1995) , and ischemia (Brierley, 1976; Pulsinelli, 1985; Xu, 1995) . Free radical formation was measured directly in the same slices by monitoring the relatively stable mono valent oxidation product of endogenous ascorbate, which is considered a marker of oxygen radicals formation and can be detected without the use of spin trapping agents (Niki, 1991; Buettner and Jurkiewicz, 1993) . In fact, it has already been reported that in vivo brain ischemia induces ascorbyl radical formation during the reperfu sion phase (Matsuo et aI., 1995) . These authors sug gested that neutrophils are the major source of ascorbyl radical. To further investigate this issue, we have used our in vitro approach to detect both ascorbyl radical for mation and changes in cortically evoked field potentials. Thus, we have studied the formation of free radicals and the electrophysiologic alterations after hypoxia, hypogly cemia, and ischemia in a corticostriatal slice preparation. We show that brief periods of ischemia cause long lasting depression of field potential amplitude whereas only longer periods lead to formation of ascorbyl radical on reperfusion and lactate dehydrogenase (LDH) release.
METHODS

Preparation and treatment of coronal slices
Adult male Wi star rats (150 to 250 g) were used. The prepa ration and maintenance of coronal slices have been described previously (Calabresi et aI., 1995 a,b; 1996 a,b) . Briefly, cor ticostriatal coronal slices (200 to 300 fLm) were prepared from tissue blocks of the brain with the use of a vibratome. All slices were preincubated 30 minutes at 35°C in Krebs solution (in mmol/L: 126 NaCl, 2.5 KCl, 1.2 MgCI2, 1. 2 NaH2P04, 2.4 CaCI2, I I glucose, 25 NaHC03; pH 7.4) gassed with 95% 02/5% CO2, A single slice was transferred to a recording cham ber and submerged in the same continuously flowing Krebs solution (3SOC, 2 to 3 mLiminute) gassed with 95% 0i5% CO2, Hypoglycemia was induced by switching to a glucose free medium containing sucrose to maintain the osmolarity. In some experiments the osmolarity was balanced by increasing the NaCI concentration (Jiang and Haddad, 1992) . Because experiments performed using thcse different procedures to re place glucose gave similar results, all the data were pooled together. Hypoxia was obtained by switching the perfusion from the oxygen-gassed solution to a Krebs solution (same composition) gassed with a mixture of 95% N2/5% CO2 (Ca labresi et aI., 1995 a,b). Ischemia was obtained by combining glucose and oxygen deprivation. The solutions entered the re cording chamber no later then 20 seconds after turning a 3-way valve. Complete replacement of the medium in the chamber took 90 seconds.
In some cases the slices used for electrophysiologic mea surements were subsequently removed from the recording chamber and used for ESR studies. A different approach was applied in ESR time-course experiments, in which more slices were needed to ensure sufficient numbers of data points. Typi cally, 10 to 12 slices from the same preparation were incubated at 35°C in holding chambers containing 5 mL of the Krebs solution per slice. Hypoxic, hypoglycemic, and ischemic con ditions were obtained by gassing the medium with the gas mixtures described above, in the presence or absence of glu cose. For reperfusion, the slices were rapidly transferred to other holding chambers corresponding to the preincubation conditions. The latter experimental approach was necessary to measure the possible formation of radicals not only in the tis sue, but also in the external medium, as well as the release of LDH.
Electrophysiologic methods
Extracellular recording electrodes were filled with 2 mollL NaCl (1 to \0 Mil). An Axoclamp 2A amplifier (Axon Instru ments, Foster City, CA, U.S.A.) was used for voltage record ings. Traces were displayed on an oscilloscope and stored dig itally. For synaptic stimulation, bipolar electrodes were used.
These stimulating electrodes were located either in the cortical areas close to the recording electrode or in the white matter between the cortex and the striatum to activate corticostriatal fibers. The frequency of the stimulation was 0.05 Hz. The field potential amplitude was defined as the average of the amplitude from the peak of the early positivity to the peak negativity, and the amplitude from the negativity to the peak late positivity (Calabresi et al. 1996 a,b) .
Electron spin resonance measurements
For detection of ascorbyl radical formation, single slices, or alternatively 40 fLL incubation medium, were drawn into glass capillaries at the indicated time points; the capillaries were sealed at one end and immediately frozen in liquid Nz. At the end of each experiment ESR measurements were made at room temperature with an ESP 300 instrument (Bruker, Rheinstetten, Germany) set at 10 mW power at 9.83 GHz, 1 G modulation, 100 G scanning in 5 seconds, 16 scans accumulated.
Lactate dehydrogenase activity determination
In some experiments in which the activity of the cytosolic enzyme LDH was determined during reperfusion in the me dium to assess cellular necrosis, 0.2 mL of medium was col lected at the indicated times, and the amount of LDH, ex-pressed as percent of total acti vity of the tissue, was calculated.
The activity of LDH was determined spectrophotometrically from the change in absorbance at 340 nm, using as substrate 0.18 mmollL NADH and 0.72 mmollL pyruvate in 50 mmollL phosphate buffer, pH 7.4 at 25°C.
Statistical analysis
Values given in the text and in the figures are mean ± SEM of changes. Student's t-test (for paired and unpaired observa tions) was used to compare the means.
RESULTS
Electrophysiologic effects of hypoglycemia
The effect of different periods of hypoglycemia on corticostriatal field potential amplitude are shown in Fig.  1 . A decrease of the potential induced by hypoglycemia was observed 10 minutes after the onset of glucose de privation. The amplitude of this reduction was dependent on the duration of the hypoglycemic period; after 40 minutes of hypoglycemia the potential was completely suppressed. On reperfusion the potential returned com pletely to the baseline when hypoglycemia had been ap plied for only 15 minutes. After longer periods (25, 30, or 40 minutes) the recovery was slower and gradually became less complete.
Electrophysiologic effects of hypoxia Figure 2 shows the action of hypoxia on field potential amplitude. The hypoxia-induced reduction of the poten tials was rapid and time-dependent: at 5 minutes a de crease of about 80% of control values was obtained, and full suppression was observed after 20 minutes. Reper fusion restored the control amplitude for periods of hyp oxia lasting 10, 20, and 30 minutes. Only 40 minutes of hypoxia induced a significant (P < 0.001) long-lasting decrease of the electrophysiologic signal.
Electrophysiologic effects of ischemia
The effects of ischemia were more dramatic. Only 5 minutes of both glucose and oxygen deprivation were sufficient to abolish the field potential ( Fig. 3 ). However, after reperfusion, the signal returned to the control val ues. When ischemia lasted 10 minutes or longer, the potential was fully suppressed and only partial recovery (less than 30%) was achieved after a 40-minute wash. After 20 minutes of ischemia no sign of recovery was observed.
Ascorbyl radical formation
The corticostriatal slices prepared for electrophysi ologic measurements could also be used directly for ESR studies of free radical production. Figure 4A shows the resulting ESR spectra of intact slices measured during ischemia and after reperfusion. In the reperfusion phase a large two-line signal appeared in the spectrum. From its characteristic shape and position this signal was identi fied as the spectrum of the ascorbyl radical, the mono- Calibrations in 0 apply also to A, B, and C.
valent oxidation product of the intracellular antioxidant ascorbic acid. No significant amounts of ascorbyl radical were detected in control experiments with sham-treated slices or during different periods of ischemia. The ascor byl signal appeared rapidly after the onset of reperfusion, and the intensity remained stable throughout the whole reperfusion phase for up to 60 minutes (Fig. 4B ). High levels of ascorbyl were only seen after prolonged isch emia (30 minutes or more), whereas little radical produc tion was found after 10 or 20 minutes of ischemia. Slices exposed to hypoxia or hypoglycemia showed only insig nificant ascorbyl radical formation, even after prolonged treatment ( Fig. 4B and C ). Apart from the ascorbyl radical production no other radical signals could be detected in the ESR spectra for any of the treatments studied. No ascorbyl radical was found in samples of the solution surrounding the slices measured at different times of reperfusion. Thus, the en tire radical signal should be attributed to ascorbyl trapped within the tissue slice.
Lactate dehydrogenase release
As shown in Fig. 5 , a small but significant increase in the release of LDH from the slices was observed in the reperfusion phase after prolonged ischemic conditions (30 minutes). This release was time-dependent, reaching a maximal value at 50 to 60 minutes of reperfusion. Shorter periods of ischemia did not produce significant changes in LDH release when compared with control experiments. In the same way, neither hypoxia nor hy poglycemia resulted in additional LDH release into the reperfusion medium, at least for periods of treatment up to 30 minutes.
DISCUSSION
The present study represents the first attempt to cor relate electrophysiologic parameters with free radical formation during induction of neuronal damage through separate or combined glucose andlor oxygen deprivation. We have used a corticostriatal brain slice preparation that offers several advantages in comparison with in vivo models of ischemia. First, it allows us to induce hypoxia, hypoglycemia, and ischemia in a specific brain region that has been reported to be particularly vulnerable to these pathologic events (Auer et aI., 1984; Auer and Siesjo, 1988; Pulsinelli, 1985; Xu, 1995) . Second, the g 120 cal production in three representative experiments in which slices were exposed to 30 minutes' ischemia (e), hypoglycemia (0), or hypoxia (6). Arrow indicates the onset of reperfusion. Each data point corresponds to a single slice. (C) Histograms showing cu mulative data on ascorbyl radical formation detected 60 minutes after the onset of reperfusion. Hypoxia (n = 5) and hypoglycemia (n = 4) were applied for 30 minutes before the reperfusion phase and ischemia was applied for 20 minutes (n = 5) and 30 minutes (n = 9). ESR, electron spin resonance.
use of an in vitro system allows us to investigate the effects of known concentrations of selective glutamate receptor antagonists during energy metabolism failure. Third, the brain slice preparation can be used to dissect J Cereb Blood Flow Metab, Vol. 18, No.8, 1998 the differential role between brain cells and circulating cells in free radical formation and brain damage. Fur thermore, in this study, the application of noninvasive ESR spectroscopy allows us to analyze the formation of free radicals directly in the tissue and in the perfusion medium. Thus, possible artifacts deriving from chemical or mechanical disruption of the tissue before the mea surements of free radicals with techniques other than ESR can be avoided (Traystman et ai., 199 1) .
The main finding of the present study is that 10 to 20 minutes' ischemia caused a long-lasting decrease of the field potential amplitude whereas significant formation of ascorbyl radical in the reperfusion phase appeared only after 30 minutes of ischemia. Accordingly, a sig nificant, but small, increase in LDH release from the tissue, which is a biochemical marker of tissue necrosis, was only observed in the reperfusion phase after 30 min utes of ischemia. These findings suggest that the long lasting loss of electrical signals is the early sign of neu ronal damage during ischemia whereas ascorbyl radical formation may be considered an indicator of neuronal injury after prolonged energy deprivation.
In our experimental model prolonged hypoxia and hy poglycemia (up to 40 minutes) induced a depression of field potential amplitude that was almost completely re versible, suggesting that these pathophysiologic condi tions induce a less severe damage to the tissue. It is likely that periods of oxygen or glucose deprivation alone longer than those used in the present study could cause a permanent loss of the electrical signals and formation of free radicals. However, this hypothesis cannot be easily tested because the loss of viability of the tissue main tained in vitro might affect the results obtained in long term experiments. The apparent discrepancy between the present data and our previous report showing that hypoxia is able to produce irreversible membrane potential changes in spiny striatal neurons (Calabresi et aI., 1995 a,b) can be explained by considering the different electrophysiologic techniques applied to detect the effects of energy depri vation. In our previous study intracellular recordings were used to measure the effect of hypoxia on a single neuronal subtype. In fact, that study only included spiny neurons, which represent the majority of the striatal neu ronal population, whereas striatal interneurons were not included. Differently, the extracellular field potential measurements used in the present investigation reflect the synchronous activity of a heterogeneous neuronal population, which may have differential sensitivity to energy metabolism failure. Accordingly, most of the striatal interneurons have been reported to be less vul nerable than spiny neurons to hypoxic and ischemic in sults (Pulsinelli et aI., 1982; Pulsinelli, 1985) .
The formation of partially reduced oxygen species, namely superoxide anion, hydroxyl radical, and hydro gen peroxide, has been reported to occur during reper fusion of different ischemic organs (McCord, 1985; Fla herty and Weisfeldt, 1988; Werns and Lucchesi, 1990; Traystman et aI., 199 1; Flitter, 1993) . Damage to lipids, proteins, and nucleic acids has been observed concomi tantly with their production, ultimately resulting in cell function impairment and death (Halliwell and Gut teridge, 1990) . The high reactivity of oxygen free radi cals means that their lifetime is too short to allow detec tion by ESR spectroscopy. Instead these radicals may react with suitable compounds called spin traps to pro duce more stable types of radicals that can be observed. By this application of ESR spectroscopy and the aid of spin traps, the formation of free radicals during cerebral ischemia-reperfusion has been demonstrated (Sen and Phillis, 1993; Zini et aI., 1992) . In the present study, rather than using exogenous spin trapping molecules, the measurements rely on endogenous ascorbic acid, which can be considered a physiologic spin trap. In fact, ascor byl radical, the stable monovalent oxidation product of ascorbate, can be used as an indicator of oxygen radical formation (Niki, 1991; Buettner and Jurkiewicz, 1993) . Interestingly, a remarkably high concentration of ascor bate is present in the central nervous system (Demopou los et al. 1982; Grunewald, 1993) .
It should be noticed that by avoiding the use of exog enous spin trapping agents we could overcome two ex perimental limitations: spin traps lack specificity and the radical adducts are generally not stable in contact with cells (Rice-Evans et aI., 1991). Therefore their use often depends on experimental systems involving perfusion and microdialysis (Zini et aI., 1992) . Moreover, because their free radical-scavenging activity has been reported to prevent ischemia-induced damage (Oliver et aI., 1990;  Schulz et aI., \995), their presence may actually obscure the relationship between free radical formation and the neuronal injury.
Several mechanisms have been considered as respon sible for the formation of oxygen radicals during reper fusion after organ ischemia (Halliwell and Gutteridge, 1990; Traystman et aI., 1991) . Reoxygenation during reperfusion provides oxygen for numerous enzymatic oxidation reactions, producing reactive oxidants. Mc Cord (1985) originally proposed that during ischemia the catabolism of ATP to ADP and AMP causes accumula tion of xanthine. On reoxygenation the oxidation of xan thine to uric acid by xanthine oxidase generates O2 and H202 (McCord, \985). In our experiments, ascorbyl radical formation only occurred when the lack of oxygen was concomitant with the absence of glucose (ischemia). The radical did not accumulate when hypoxia or hypo glycemia were applied separately. This phenomenon can be related to McCord's theory of free radical generation on reoxygenation. In the presence of glucose, ATP is provided by anaerobic glycolysis, despite the failure of oxidative metabolism, and thus accumulation of AMP does not occur and free radical production is prevented.
Another possible source of partially reduced oxygen species during ischemia-reperfusion events is activated neutrophils (Lucchesi et aI., 1989) . In particular, they were suggested to be the major source of oxygen radicals during reperfusion after focal cerebral ischemia because the administration of an antineutrophil monoclonal anti body before occlusion of the cerebral artery in the rat decreased the formation of extracellular ascorbyl radical (Matsuo et aI., 1995) . Our in vitro experimental protocol seems to rule out a major role of circulating neutrophils in free radical formation.
It is known that formation of ascorbyl from ascorbate can depend very much on the presence of small amounts of metal ions (Buettner, 1990) , and it has been suggested that release of iron from damaged cells is responsible for the generation of ascorbyl in the central nervous system (Halliwell, 1992) . However, our data on LDH release during reperfusion clearly show that intracellular com ponents are released slowly and continuously. The ascor byl radical, in contrast, appears immediately after the reintroduction of oxygen, and its concentration does not increase much further on. There is therefore little reason to believe that the mechanism of radical generation de pends on the release of intracellular iron. Interestingly, ascorbate is released from brain cells in association with the activity of glutamatergic neurons by a mechanism of glutamate-ascorbate heteroexchange (Grunewald, 1993) . Moreover, ascorbic acid-mediated protection against ex citotoxin has been demonstrated in cultures of rat cere bral cortex (Majewska and Bell, 1990) , probably by al teration of glutamate binding to N-methyl-o-aspartate re ceptors (Majewska et aI., 1990) . Thus, further studies are required to investigate the possible interaction between ascorbyl radical and glutamate in the generation of isch emia-induced damage.
